Abstract microRNAs (miRNAs) are a large family of small regulatory RNA molecules found in all multicellular organisms. Since their discovery in 2001, there has been impressive progress in miRNA research, and a great deal is now known about the biosynthesis of mRNAs and their regulatory role in translation. It is becoming increasingly clear that miRNAs have fundamental roles to play in cellular responses to xenobiotic stress, the development of pathophysiological changes and other toxicological phenomenon such as susceptibility and resistance. Furthermore, the expression of miRNAs, like many of the genes important in toxicology, can be regulated by xenobiotics and DNA methylation. In this article we review the present understanding of the miRNA field with particular reference to toxicology. We also give an insight into our current projects within this exciting area and highlight some of the new challenges that now face miRNA research.
What are miRNAs? microRNAs (miRNAs) are short (18-26 nucleotide) RNA molecules that play an important role in translational regulation. They are endogenously produced and their biosynthesis involves a number of processing steps (Fig. 1) . Long primary miRNA (primiRNA) molecules are transcribed from non-coding polycistronic regions of the genome under the control of RNA polymerase II (Pol II) promoters (Zhou et al., 2007) . These pri-miRNA transcripts can exceed 1 kb and may give rise to a number of different miRNAs (Du and Zamore, 2005) . The nuclear ribonuclease III (RNase III) Drosha, together with its double-stranded RNA-binding domain (dsRBD) protein partner DGCR8, cleave the pri-miRNA to yield a 70-100 nt stem loop precursor miRNA (pre-miRNA) molecule (Du and Zamore, 2005; Kosik, 2006) . The pre-miRNA is then exported from the nucleus into the cytosol by Exportin5, and is cleaved by a second RNase III Dicer and its dsRBD protein partner TRBP to produce a mature miRNA duplex (Du and Zamore, 2005; Kosik, 2006) . The duplex unwinds and the guide miRNA strand is incorporated into the RNA-induced silencing complex (RISC), where it binds to the 3'UTR of, and silences, its target miRNA (Du and Zamore, 2005; Kosik, 2006) . This silencing can result in degradation or repressed translation of the target mRNA, and probably depends on the degree of complementarity between the miRNA and its target (Kosik, 2006; Meister, 2007) . The majority of miRNAs in animals exhibit only partial complementarity to their mRNA targets and so are thought to function predominantly by repressing target translation, most likely through the inhibition of translational initiation (Meister, 2007) .
The exact mechanism of miRNA-mediated translation repression, however, is beyond the scope of this article and is reviewed in Meister, 2007 and Rana, 2007. microRNAs and toxicology It is now clear that miRNAs have a fundamental role in normal development and in disease pathology, particularly cancer. The fact that miRNA transcription involves pol II promoters, which often contain toxicologically significant enhancer regions, infers that miRNAs are also likely to be of crucial importance in cellular responses to xenobiotics.
Indeed, miRNA expression in Drosophila and C. elegans can be regulated by enhancers or hormones (Brennecke et al., 2003; Johnson et al., 2003; Sempere et al., 2003) , and various chemotherapeutics and chemicals such as ethanol can control the expression of miRNAs in rodents and humans (Meng et al., 2006; Saito et al., 2006; Pogribny et al., 2007; Rossi et al., 2007; Sathyan et al., 2007) . More recently, xenobiotic-mediated miRNA expression has been directly linked with downstream protein expression and cell proliferation in mice (Shah et al., 2007) . The peroxisome proliferator-activated receptor alpha (PPARα) agonist Wy-14,643 down-regulates the expression of let-7C, which in turn reduces let-7C-mediated repression of c-myc translation. This increases c-mycinduced expression of the proto-oncogenic miR-17-92 cluster, resulting in hepatocyte proliferation (Shah et al., 2007) .
There is also evidence for epigenetic modulation of miRNA expression and for miRNAmediated epigenetic alterations. Both DNA methylation and histone modification can affect the expression of a number of miRNAs, and aberrant DNA hypermethylation of miRNAs is being increasingly identified in cancer cells (Saito et al., 2006; Lujambio and Esteller, 2007; Lujambio et al., 2007; Meng et al., 2007; Weber et al., 2007) . Futhermore, miRNAs themselves appear to play a role in epigenetic modification. The miRNA-29 family reverses aberrant methylation in lung cancer through a direct reduction of DNA methyltransferase (DNMT) 3A and 3B mRNA levels, which leads to decreased expression of the DNMT proteins, reduced global DNA methylation, increased expression of tumour suppressor genes and inhibition of tumour cell growth (Fabbri et al., 2007) . In addition, miRNA-140 directly represses histone deacetylase 4 expression (Tuddenham et al., 2006) and may thus regulate chromatin structure. The potential of miRNAs to influence epigenetic changes is supported by the fact that the closely related small interfering RNAs (siRNAs) are also involved in DNA methylation and histone modifications (Chuang and Jones, 2007) .
Many miRNA sequences occur within the introns of protein coding genes (Chuang and Jones, 2007; Saetrom et al., 2007) . Biosynthesis of such intronic miRNAs relies on pol II transcription and correct splicing of their host genes. This implies that intronic miRNAs are co-regulated with their host genes (Chuang and Jones, 2007) and can thus be under the control of similar enhancer and epigenetic regions as their host genes and nonintronic miRNAs. Furthermore, co-regulation with a miRNA may provide a simple mechanism for a gene to down regulate other genes (Saetrom et al., 2007) . It also remains possible that intronic miRNAs have their own promoters and the discovery of CpG islands within introns suggests that even intronic miRNAs with their own promoters could still be regulated by DNA methylation (Chuang and Jones, 2007) .
Finally, small regulatory RNA molecules, including miRNAs, siRNAs and a recently discovered group of germline-specific PIWI-interacting RNAs (piRNAs) vital for spermatogensis, have been implicated in the inheritance of epigenetic information. In paramutation there is cross-talk between alleles at a single locus, where one allele effectively orders the other to act differently in subsequent generations (Chandler, 2007) .
One allele appears to act as the 'paramutator' and induces the paramutation ( The Systems Toxicology group at the MRC Toxicology Unit has developed methods for profiling miRNA expression and measuring global translational changes using microarray platforms. In order to measure miRNA expression using microarrays some technical challenges must be overcome. Since mature miRNAs are such short molecules, conventional labelling methods are unsuitable. Optimum results have been obtained with the two-stage flashtag TM kits (Genisphere) that add a poly(A) tail to the miRNA before ligating a fluorophore to the resulting tail (Fig. 2a) . The small size and often closely related sequences of miRNAs also provides sensitivity and discrimination problems for traditional DNA-based arrays. The miRCURY TM LNA probe set (Exiqon) is produced from locked nucleic acids (LNAs), which have a locked ribose ring making them high affinity RNA mimics (Castoldi et al., 2006) . This means that miRNA expression profiles can be generated with high sensitivity and accuracy from as little as 1 μg of total RNA (Castoldi et al., 2006) . No miRNA size selection or amplification is required and the microarrays can efficiently distinguish between closely related miRNA family members that may differ by just a single nucleotide (Castoldi et al., 2006) .
In a typical microarray experiment, the control RNA sample is labelled with a green fluorophore and the test RNA sample with a red fluorophore. By hybridising both the control and test RNA samples on the same array, any up-regulated miRNAs will be observed as red spots and any down-regulated miRNAs as green spots (Fig. 2b) Verification by both northern blotting using LNA probes (Exiqon) and real-time PCR with kits specifically designed for miRNA detection (Ambion) can be used to confirm microarray results (Fig. 2c-d) .
The identification of global translational changes in tissues combines RNA fractionation with expression microarrays. Actively translated mRNAs will have large numbers of ribosomes attached to them, are thus termed polysomes, and are heavier than non-actively translated mRNAs with none or very few ribosomes attached to them (monosomes) (Fig.   3a) . This difference in mass allows separation of the two RNA populations by sucrose density centrifugation (Fig. 3a) . Real-time PCR using primers for an actively translated gene (β-actin) and a non-actively translated gene (ATF4) identifies polysomes and monosomes, respectively, confirming successful separation and allowing appropriate pooling of RNA fractions (Fig. 3b) . These two pools of mRNA species can be reverse transcribed, labelled and analysed using a suitable probe set, for example the MEEBO probe set (Stanford University and UCSF, sold by Invitrogen).
As with the miRNA arrays, the control RNA sample is labelled with a green fluorophore and the test RNA sample with a red fluorophore. With this type of microarray experiment it is not only changes between the control and test samples that are interesting but also differences between monosomal and polysomal RNA. The latter differences isolate genes that are being actively translated from those being actively transcribed only. Subsequent comparison of the control and test translational changes indicates which genes are being differentially translated within the specific model. Complex mathematical analysis of such an assay can be overcome with a simple experimental design. Raw microarray data is normalised using the fundamental assumption that most of the genes will not be differentially regulated. It is difficult to envisage that this would hold true if monosomal RNA was hybridised against polysomal RNA on the same array. However, the assumption that there will be very little global change between control and test monosomes and between control and test polysomes is much more reasonable and enables appropriate normalisation. Combining the miRNA expression data with the translational data will help to identify potential miRNA-mRNA interactions. Once identified, putative interactions can be further investigated in vitro. A luciferase reporter gene containing the 3'UTR region of the potential mRNA target can be transfected into cells along with the miRNA of interest (Shah et al., 2007) . Subsequent inverse correlation of luciferase activity with miRNA expression signifies that the miRNA is binding to its target sequence and either repressing the translation of luciferase mRNA or inducing its degradation. Western blotting can then provide conclusive proof that the validated miRNA-mRNA interaction results in a reduced level of protein and indicates a biological role for the miRNA of interest (Fabbri et al., 2007) . Specific miRNAs can also be knocked-down with antisense technology to elucidate potential biological functions (Ji et al., 2007) . In the near future, such research will give new insight into the mechanisms by which cells alter their translational profiles in response to toxicity, and will highlight the fundamental roles of miRNA species in the control of such altered translational events in toxicology.
Furthermore, since specific miRNAs have already been linked with toxicological processes such as tumour formation, classification and prognosis (Lu et al., 2005; Jay, et al., 2007; Rane, et al., 2007) , miRNAs and/or miRNA profiles are also likely to represent important toxicological biomarkers and novel drug targets.
The future miRNA field is still in its infancy, however progress is occurring at an extraordinary rate and vast numbers of publications are being generated. Within the space of a few years the science has moved from a naïve unawareness of these small regulatory molecules to a fairly comprehensive understanding of miRNA biosynthesis and the role of miRNA in inhibiting translation. As we uncover more roles for miRNAs in biological processes such as cellular toxicity, disease and epigenetics, and gain greater knowledge of miRNA regulation we discover the next set of challenges. Can we develop better systems for The guide strand is incorporated into the RISC complex where it binds to, and inhibits the translation of, its target mRNA. 
